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The buildup dynamics of a homogeneously broadened continuous-wave Ti:sapphire laser is experimentally in-
vestigated for the first time to our knowledge. The average output power of the laser exhibits relaxation oscil-
lation behavior initially and approaches the steady-state value in -20 ,s. Concurrently, the longitudinal-mode
spectrum evolves from a multicluster spectral distribution (tentatively attributed to the spectral windowing ef-
fect of the Brewster-angle-cut Ti:sapphire crystal as a birefringent filter) to a single cluster at 787.5 nm. The
spectral narrowing (which is due to gain competition in the homogeneously broadened medium), however, takes
-500 ,s. Physical mechanisms that explain qualitatively the two distinctive time scales are presented.
It is well known that, in a homogeneously broadened
cw laser, the bandwidth of the output spectral en-
velope narrows during the buildup to the steady
state.' This narrowing process is explained by in-
voking the gain-competition effect among the longi-
tudinal modes. Concurrently the average output
power should first exhibit relaxation oscillation be-
havior and also approach the steady-state value.
Earlier theoretical 2 and experimental 3 studies on
the buildup dynamics of semiconductor laser diodes
have not revealed whether the time scales for the
buildup of average power and the spectrum of the
laser output are the same. Recently numerical cal-
culations by Lam et al.4 on strained InGaAs/AlGaAs
quantum-well lasers showed that while the envelope
of the relaxation oscillation decays in -3 ns, the
modal photon densities redistribute among the
modes and reach the steady state after -20 ns.
The physical mechanisms for the two distinctive
time scales were not discussed. Our own theoreti-
cal and experimental research on the bulidup of the
average output power of cw and mode-locked semi-
conductor lasers in an external cavity indicate that
the time constant for the buildup of the spectrum
depends on the laser operating parameters, in par-
ticular, the excited-state lifetime of the lasing tran-
sition.5 The excited-state lifetime of Ti:sapphire
(T 3.2 /,s)6 is much longer than that of GaAs
(T 2 ns).7 Accordingly, we expect the buildup
time scales of the former laser system to be several
orders of magnitude longer than that of the latter,
and this should facilitate experimental observation
and understanding of this interesting phenomenon.
The Ti:sapphire laser is of course also one of the
most important classes of solid-state lasers discov-
ered to date. We thus employed the Ti sapphire
laser as a modal system to investigate experimen-
tally the buildup dynamics of the average output
power as well as the output spectrum of a homoge-
neously broadened cw laser.
A block diagram of our experimental setup is
shown in Fig. 1. The cavity configuration of the cw
Ti:sapphire laser is shown in the inset of Fig. 1.
The laser cavity is 140 cm in length and consists of
four mirrors (Ml-M4 ) with a 1% transmission out-
put coupler without any bandwidth-limiting or tun-
ing elements. The Ti:A1203 crystal is Brewster
angle cut, and its length is 20 mm. The radii of
curvature of the folding mirrors around the gain
medium are 15 cm. When pumped by an all-line
3.2-W cw argon-ion laser (Pth = 2.04 W), the
Ti:sapphire laser generated a stable cw output of
75 mW. The output of the cw argon-ion laser is me-
chanically chopped to obtain 600-Hz square pulses
with a FWHM of 800 Ats and a rise time of 30 ,us.
The Ti:sapphire laser output is fed to a monochro-
mator and detected by a gateable photomultiplier
tube (PMT) with a gate of 300 ns. Signal averaging
is performed by a boxcar integrator with a 500-ns
gate. By scanning the monochromator at a fixed
delay time and then delaying these two synchronous
gates with respect to the chopped pumping signal,
we can investigate the spectral characteristics of
the cw Ti:sapphire laser as it evolves to the steady
state. In another experiment, the monochromator
functioned as a spectral filter with a 0.5-nm band-
width. At different spectral windows of the laser
output spectrum, the sampling gates were delayed
as in the previous case. We can thus examine dif-
ferent regions of the longitudinal-mode spectrum as
it evolved. By feeding the output of the Ti:sapphire
laser directly to the gateable PMT, we can also re-
cord the evolution of its average output power.
The output spectra of the Ti:sapphire laser are
plotted as a function of the delay time in Fig. 2.
Zero delay time corresponds to the onset of
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Fig. 1. Block diagram of the experimental arrangement.
MC, mechanical chopper; BS, beam splitter; PD, photo-
detector; PMT, photomultiplier tube. The inset (within
the dashed lines) shows the configuration of the cw
Ti:sapphire laser, where L is a lens.
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Fig. 2. Output spectrum of the cw Ti:sapphire laser as a
function of the delay time.
Ti:sapphire laser action, i.e., the first detectable rise
in signal by the gateable PMT. This point is nearly
at the end of the buildup period of the argon pump
pulse. Figure 2 reveals that the average output
spectrum of our laser unexpectedly exhibits mul-
tiple clusters of the longitudinal modes (unresolved)
separated by -3.6 nm in the initial buildup stage.
We have tentatively attributed this phenomenon to
the spectral windowing effect of the Brewster-angle-
cut Ti:sapphire crystal as a birefringent filter. Fur-
ther investigations are in progress.
Figure 2 demonstrates that only one cluster near
the line center with a central wavelength of
787.5 nm gradually grows during the buildup pro-
cess while the other side clusters eventually cease
lasing. The bandwidth of the growing cluster also
narrows, from 0.28 to 0.22 nm, as it evolves to the
steady state. After a time delay of "'6500 ts, the
laser output spectrum exhibits only a single cluster.
This is the steady-state spectral distribution with a
bandwidth of 0.2 nm. The evolution process clearly
demonstrates the effect of gain competition among
the clusters of longitudinal modes in the homoge-
neously broadened medium. Actually the cluster at
783.92 nm was excited to a maximum amplitude
among the clusters initially, but the cluster at
787.5 nm is the strongest in the steady state. This
behavior can be understood from the fact that the
gain profile of the Ti:sapphire laser is red shifted
with respect to its fluorescence line shape.6 8
The evolution of the individual lasing clusters as a
function of the delay time during the first 20 As af-
ter the laser onset is shown in Fig. 3(a). The ampli-
tudes of the clusters were drawn with relative units,
and the solid curves were obtained by connecting
the experimental data points. Initially the output
power of each cluster exhibits relaxation oscillation
at the same frequency. In Fig. 3(b) we have dis-
played the power sum of all the lasing clusters and
the average output power of the test laser as a func-
tion of the delay time. It is apparent from the fig-
ure that the former was identical to the latter within
experimental error. This is of course just the con-
sequence of conservation of energy. According to
the linearized analysis of relaxation oscillation,'
the oscillation period may be written as T =
2iT[tj/t(r - 1)] 1/2, where r = P/Pth is the pumping ra-
tio and T is the excited-state lifetime. The cavity
lifetime t, is given by t, = tr/[L + ln(1/Rtot)], where
tr is the round-trip time and Rwto = RlR 2(R3... ) is
the product of the power reflectance of the cavity
mirrors. L is the round-trip internal loss and can
be estimated from the slope quantum efficiencies of
the laser with two different output couplers.9 For
our Ti:sapphire laser, r = 1.57, r = 3.2 As, tr =
9.4 ns, Rtot = 0.99, and the experimentally deter-
mined round-trip internal loss is L = 4.8%.l° We
estimated the cavity lifetime t, to be -162 ns. The
relaxation oscillation period calculated by the above
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Fig. 3. (a) Evolution of the lasing clusters during a period
of -20 ,s after the laser onset. (b) Evolution of the
power sum of the lasing clusters and the average output
power of the laser during a period of -20 As after the
laser onset.
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Fig. 4. Same as Fig. 3 except that the evolutions are
shown over a period of 500 ,us after the laser onset.
equations is =5.99 As. This is in excellent agree-
ment with the experimentally determined T - 6 As,
as shown in Fig. 3.
In Fig. 4 we show the evolution of each of the las-
ing clusters, the power sum of the lasing clusters,
and the average output power as a function of the
delay time up to 500 As. The decay rates of the side
clusters farther from the central cluster are clearly
faster. Examining the time scales of Figs. 4(a) and
4(b), one also finds that while the average output
power rapidly reaches the steady-state value in
-20 As, its corresponding spectrum continues to
evolve and exhibits the single-cluster steady-state
distribution -500 ,us later. As the power of the
cluster at 787.5 nm builds up, the power of the other
clusters decays. The overall power sum of all the
lasing clusters is a constant and nearly equal to that
of the average output power. By increasing the
pumping power of the Ar' laser to 3.5 W, we find
that the number of the clusters increases from 8 to
10. The relaxation period reduces to =5.3 As, and
the buildup time to the steady-state single-cluster
distribution is prolonged to =580 ,s.
It is possible to understand qualitatively the two
time scales observed here. Consider for simplicity
just three longitudinal modes as the laser is step
pumped above threshold. When the total intensity
of the laser reaches the steady state, we can show by
using rate equations that the fluctuation in the opti-
cal power of the mode with the highest gain is
(go/gl) - 1 (1)
where AP is the residual fluctuation of the average
output power of the laser, go and g, are, respectively,
the small-signal gain coefficient of the central mode
and the two adjacent side modes, and L is the round-
trip loss coefficient. Depending on the ratio go/L
and go - gi, APo can be considerable even as aver-
age power reaches the steady state. We thus expect
that the output spectrum would reach a steady-state
distribution well after the total intensity equili-
brates if go/L >> 1 or go 0 g1. This analysis also
explains physically the numerical results of Lam
et al.4 : The gain coefficient go for a strained laser
is higher than that for a lattice-matched system.
The individual lasing mode in the latter should thus
reach steady state faster than in the former,
whereas the times taken to reach a given steady-
state total photon density for the two types of laser
are similar.
In summary, we have uncovered a number of in-
teresting physical phenomena associated with the
cw Ti:sapphire laser. Multiple clusters of longitu-
dinal modes, separated by =3.6 nm, are observed
just above threshold. This has been tentatively at-
tributed to the spectral windowing effect of the
Brewster-angle-cut Ti:sapphire crystal as a birefrin-
gent filter in the laser. Further investigations are
in progress. The clusters first undergo relaxation
oscillations with a period of -6 As. Beyond the re-
laxation oscillation regime, the cluster at 787.5 nm
grows while the other clusters gradually disappear
at different rates. The spectral narrowing phe-
nomenon is a manifestation of the gain-competition
effect among the longitudinal modes in a homoge-
neously broadened medium. The buildup times to
the steady state for the average output power and for
the spectrum differ by more than an order of magni-
tude: 20 and 500 is, respectively. A simple physi-
cal model qualitatively explained the two time scales
quite well.
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